Potentiodynamic anodic polarisation and Dynamic Electrochemical Impedance Spectroscopic (DEIS) measurements were carried out on type 316L stainless steel (SS) and alloy 31 in natural sea water in order to assess the pitting corrosion resistance. DEIS measurements were performed over a wide range of potentials covering the corrosion potential, passive region, breakdown region and dissolution region. It was shown that the impedance measurements in potentiodynamic conditions allow instantaneous investigation of changes in passive layer with potential. The impedance spectra of various potential regions were also discussed. From the above studies, the pitting corrosion resistance of the alloys 31 was higher than 316L SS; due to the higher contents of nitrogen, chromium and molybdenum.
INTRODUCTION
Stainless steel is frequently used as a construction material in various aggressive environments such as chemical plants, waste water treatment plant and desalination plant. Its corrosion resistance is due to the formation of stable film. The stability of passive films formed on stainless steel and it's susceptibility to breakdown depends on the parameters like as applied potential, pH, temperature and solution composition [1] . However, the localised corrosion can occur due to the presence of aggressive anionic species mainly chloride ions. The main cause for aggressiveness of the chloride ion is due to its small size, high diffusivity and strong acidic anionic nature [2] . In order to improve its resistance the attempts have been made to employ these materials in aggressive environment were done [3, 4] . This was achieved by bulk alloying with suitable elements, in order to improve the life expectancy of the materials used for this demanding application. Normally, elements such as chromium, nickel, molybdenum, and nitrogen were added to provide improved corrosion resistance, and various ratios of alloy additions have also been reported [5] [6] [7] .Various electrochemical techniques are employed to determine the corrosion resistance of materials. Among this the electrochemical impedance spectroscopy (EIS) is an important technique for the examinations of passive layer and pitting corrosion resistance. Recently, Darowicki and co-workers [8 -10] were described new impedance technique termed as dynamic electrochemical impedance spectroscopy (DEIS). In this method, impedance spectra are determined under potentiodynamic conditions. Such a method of impedance measurements is completely novel and creates a new possibility of corrosion investigation. The aim of this work was to investigate the localised corrosion behavior of superaustentic stainless steels viz., alloy 31 by means of cyclic anodic polarisation and dynamic impedance spectroscopic techniques
EXPERIMENTAL
The specimens used for this study are 316L SS and Alloy 31 in plate type with surface area of 1 cm 2 . The chemical composition of the specimens is given in Table I . Each specimen was attached to a brass rod to provide electrical connection, and was mounted in epoxy resin in such a way that only one side, with a surface area of 1cm 2 , was exposed. The mounted specimens were polished using abrasive SiC paper up to 1200 grade. Final polishing was done using diamond paste in order to obtain scratch free mirror finish, followed by rinsing with distilled water and degreased with acetone. Table I . Chemical composition of investigated alloys (wt. %).
The electrochemical measurements were carried out in three electrode cell assembly, in which saturated calomel electrode (SCE) was used as reference electrode, platinum foil act as a counter electrode and stainless steel as working electrode. The natural sea water was used as electrolyte. Potentiodynamic cyclic polarisation studies were carried out for stainless steels in the natural sea water solution. The polarisation scan was initiated from the cathodic direction to anodic direction at a rate of 0.167 mV/s until the break down was attained, at which the alloy entered the pitting region. The scan direction was then reversed at the anodic current density of 3 mA/cm -2 and the scanning was continued until the repassivation potential was attained. The impedance spectra were acquired from corrosion potential to dissolution region. The specimens were anodically polarised with a potential step rate of 20 mV/sec, in which the frequency was varied from 55 kHz to 0.1 Hz with a 10 mV amplitude sine wave generated by a frequency response analyzer. The Impedance spectra were interpreted using the nonlinear least square fitting procedure developed by Boukamp [11] .The potentiostat (model PGSTAT 12, AUTOLAB, the Netherlands B.V) controlled by a personal computer with dedicated software was used for conducting the experiments.
RESULTS AND DISCUSSION Potentiodynamic cyclic polarization studies Fig.1 shows the cyclic polarisation curves of the two specimens. The corrosion potentials (E corr ) of type 316L SS and alloy 31 were -300, -130 mV vs SCE respectively in natural sea water. Compared to the 316L SS the corrosion potential of alloy 31 shifted towards noble region due to the presence of higher amounts of nickel, molybdenum, chromium and nitrogen. The critical pitting potential for the reference material was 310 mV, whereas alloy 31 exhibited critical crevice potential value of 1190 mV respectively. The pitting potential is the criterion for evaluating resistance to pitting attack. The pitting of the material is directly influenced by the amount of passivating elements present in the alloy. Thus, alloy 31 with higher N, Mo, Ni and Cr exhibited increased pitting potential value and exhibited better pitting corrosion resistance in the 3.5 % sodium chloride .The increased pitting corrosion resistance of the alloy can be explained based on the following postulates during active dissolution, nickel and chromium generally dissolve, whereas non active elements such nitrogen can enrich at the surface. Such an enrichment of the passive film inhibits the anodic dissolution of the materials by two orders magnitude, presumably through the formation of iron nitride. This will certainly inhibit autocatalytic process of pit formation and increase the opportunity for any pit to heal. The addition of small amounts of nitrogen can enhance the pitting resistance and passivation characteristics [12] . A synergistic influence of nitrogen and molybdenum on pitting corrosion resistance has noticed and enrichment of molybdenum and nitrogen on the surface at a level of at least seven times that the original concentration of nitrogen present in the alloy [14] . They have proved this enrichment of nitrogen and molybdenum at the interface to be the predominant factor for preventing further dissolution substrate consequent to the destruction of the passive film. The difference between critical pitting potential (E b ) and pit repassivation potential (E p ) for a given system is defined as the relative corrosion resistance (∆E= E b -E p ). This value can be used to rank the alloys. The magnitude of the ∆E is often considered as an indicator of pitting resistance, that is, higher the ∆E value lower the pitting resistance of the material [15] . The mean value of ∆E for 316L SS is found to be 397 mV, whereas alloy 31 showed lower ∆E values of 65 mV respectively. The lower ∆E values reflects the enhanced pitting corrosion resistance, which is attributed to the presence of higher amount of alloying elements mainly nitrogen, chromium and molybdenum.
Potentiodynamic impedance spectroscopic studies
The impedance spectroscopic analyses were carried out on 316L SS and alloy 31 for every 20 mV increase in the potential, beginning from OCP to the dissolution potential. Fig 2(a, b) depicts a three dimensional representation of the resulting impedance spectra of 316L SS and alloy 31 respectively. A successive change in the shape of each impedance spectrum with the increase in potential was observed for the alloys studied. The impedance spectra in the initial potentials are distinctly capacitive in character and near the break down region the impedance spectra appears as semicircle with lower magnitude of impedance. In order to have a better understanding of the pitting process, electrochemical impedance spectra at a potential in each region, namely, OCP, passive, breakdown and dissolution were selected from the dynamic electrochemical impedance spectra. Fig 3 (a, b) and Fig. 4 (a, b) represent the Nyquist plots at OCP and at a potential in the passive region for 316L SS and alloy 31, respectively. All the spectra exhibited a similar behaviour consisting a straight line with a high magnitude of impedance, which indicates a highly resistant passive film. Generally, the alloy surface is covered with continuous oxide film [15] . Fig. 5 (a, b) shows the impedance spectra of the alloys at the breakdown potential. The reference material 316L SS exhibited a two time constant. However, for alloy 31, a semicircle with a low magnitude inductive loop at lower frequency was observed. The appearance of a capacitive loop in the form of a semicircle for alloy 31 can be due to a charge transfer at the film/solution interface. The inductive loop at lower frequency is most probably due to the relaxation process of an intermediate species of the dissolution reaction. Substantial reports are available for the presence of inductive loops in the low frequency range of the impedance spectra obtained for high alloy [16, 17] . Figure 6 (a, b) shows the Nyquist plot of 316L SS and alloys 31 at dissolution region. The reference material, 316L SS, shows a semicircle, having lower impedance value with a more pronounced Warburg tail. The Warburg impedance observed at this potential may be attributed to an ionic diffusion through the solid Figure 6 . Nyquist plot at dissolution region for (a) 316L SS and (b) alloy 31.
corrosion products precipitated near the pit mouth as reported by Dawson and Ferreira [18] . The Nyquist plot corresponding to alloy 31 at the dissolution region exhibited the capacitive loop at higher frequency, another small capacitive loop followed by inductive loop at lower frequency was observed. The small semicircle at the intermediate frequency is attributed due to adsorption effects, such a transition has been attributed to the increase in the surface coverage of intermediate species formed during metal dissolution. This intermediate species can be attributed to the enhanced pitting corrosion resistance of alloy 31. Further, at very low frequency inductive loop could be related to an increase of the ionic conductivity of the oxide film with potential. Generally, such slower relaxation processes do not play a significant role in the passivation behaviors.
CONCLUSION
The pitting corrosion resistance calculated for alloys 31 in natural sea water shows the higher pitting resistance, compared with 316L SS, which may be due to the presence of both nitrogen and molybdenum in the super austenitic alloys. The dynamic electrochemical impedance spectroscopic (DEIS) technique has been used to evaluate the crevice corrosion resistance of alloy 31 in natural sea water. The Nyquist plot at different potential regions, namely, OCP, passive region, breakdown region and dissolution region reveals that the impedance changes as a function of potential. The critical pitting potential measured from the polarization data is in good agreement with the dynamic electrochemical impedance spectroscopic data. 
